Hybrid modeling provides a unique opportunity to study cross-scale relationships in environmental systems by linking together models of global, regional, landscape, and local-scale processes, yet the approach is rarely applied to address conservation and management questions. Here, we demonstrate how a hybrid modeling approach can be used to assess the effect of cross-scale interactions on the survival of the Allegheny Mountain Dusky Salamander (Desmognathus ochrophaeus) in response to changes in temperature and water availability induced by climate change at the northern limits of its distribution. To do so, we combine regional climate modeling with a landscape-scale integrated surface-groundwater flow model and an individual-based model of stream salamanders. On average, climate scenarios depict a warmer and wetter environment for the 2050 horizon. The increase in average annual temperature and extended hydrological activity time series in the future, combined with a better synchronization with the salamanders' reproduction period, result in a significant increase in the long-term population viability of the salamanders. This indicates that climate change may not necessarily limit the survivability of small, stream-dwelling animals in headwater basins located in cold and humid regions. This new knowledge suggests that habitat conservation initiatives for amphibians with large latitudinal distributions in Eastern North America should be prioritized at the northern limits of their ranges to facilitate species migration and persistence in the face of climate change. This example demonstrates how hybrid models can serve as powerful tools for informing management and conservation decisions.
Introduction
While the body of literature about the impacts of climate change on a variety of species at global or regional scales is growing (Enquist, 2002; Midgley et al., 2002; Thomas et al., 2004; Malcolm et al., 2006) , few studies have attempted to predict the fate of local ecosystems facing global warming. This is a major shortcoming as most conservation and management strategies are implemented locally. There are many reasons why the local scale has been mostly ignored, but one essential factor is the difficulty of relating broad scale climate change impacts to natural mechanisms affecting individuals at a given place and time (Wilbanks and Kates, 1999; Russell et al., 2009) . Climate change involves complex, cross-scale effects acting concurrently upon numerous dynamic processes, both biological and environmental (Hulme, 2005) . Predicting the impacts of such complex interactions is challenging, especially when data are lacking and knowledge gaps add uncertainty to climate predictions.
The potential impacts of climate change on amphibian populations provide a telling example of complex, cross-scale effects. Amphibians are believed to be highly vulnerable to global environmental change (Blaustein et al., 2001; Wake and Vredenburg, 2008) and major population declines have been documented worldwide over the past 30 years (Pounds et al., 1997; Green, 2003; D'Amen and Bombi, 2009 ). Amphibians are poikilotherms, which means that ambient temperature has a significant influence on these species' physiological, metabolic, and life-history traits (Carey and Alexander, 2003) . In addition to these direct temperature effects, the potential of climate change to impact available water (Oki and Kanae, 2006) may also be expected to affect their habitat. Generally dependent upon moisture to varying degrees (Petranka, 1998) , amphibians can be extremely vulnerable to changes in, for example, surface runoff, stream flow, groundwater levels, and associated spring activity (Alvo et al., 2003) . In headwater basins associated with nearsurface fractured bedrock aquifers, groundwater is likely to be vulnerable to climate change due to steep slopes, thin soil cover, and low permeability favoring runoff at the expense of infiltration (Kosugi et al., 2006) . Climate change impacts on groundwater resources at a regional scale are increasingly studied (Jyrkama and Sykes, 2007; Scibek et al., 2007) , but the magnitude of these changes is highly uncertain (Green et al., 2011) . In particular, headwater basins have been the focus of only limited research (Levison et al., 2014a) and the impacts of climate change on habitat suitability for spring-restricted animals, such as many salamanders, remain largely unknown. However, depending on the extent and timing of the changes with respect to the species' life cycle, the impact could be very different from one part of the species' geographic range to another.
Given the uncertainty about the magnitude and timing of changing hydrological events, and their potential impacts on stream-dwelling amphibians, it is unclear how these species may be affected by climate change in the northern limits of their distributions. Although the increased temperatures may be beneficial, changes in the timing of the spring freshet or severity of summer droughts could have potentially devastating effects on these animals. In this work, climate models, a groundwater flow model and an individual-based model of salamander distribution and abundance are combined to develop a succession of models linking physical and ecological processes across global, regional and local spatial scales, with the aim of predicting the fate of the Allegheny Mountain Dusky Salamander (Desmognathus ochrophaeus) in the Covey Hill Natural Laboratory (Larocque et al., 2006) of southern Quebec. This approach, by integrating the linkages between regional-scale climate change, local hydrology, and salamander life cycles, may yield realistic predictions concerning the long-term survival of salamander populations, and estimates of associated uncertainty, for use in planning conservation strategies.
Materials and Methods

Species and Sampling Site
The Allegheny Mountain Dusky Salamander, D. ochrophaeus (Family Plethodontidae), inhabits seepage areas, small intermittent streams, and groundwater-fed springs (Sharbel and Bonin, 1992; Lannoo, 2005) . The species is highly dependent on water availability for survival, reproduction and dispersal. The species can live for 4-5 years, going through a life cycle that involves a series of stages, including egg, larval, juvenile, and adult phases. Eggs are usually laid in spring in wet crevices, under logs, on moss in seepage areas or near small streams, and usually hatch in late summer. The resulting larvae must develop in water and typically metamorphose the following spring (Petranka, 1998) . Adults and juveniles may disperse into adjacent wooded areas in wet weather and are often abundant on wet rock faces (Petranka, 1998) . Though listed by the IUCN as "Least Concern" (Hammerson, 2004) , the species' status at the northern edge of its distribution is precarious. In Canada, known occurrences are restricted to two locations: the Niagara Escarpment in southern Ontario and Covey Hill in southern Quebec. Both populations are listed as endangered federally and provincially (COSEWIC, 2009) . For stream salamanders, temperature and moisture are the primary resources that limit their distribution, as well as the ability of eggs and larvae to survive, and for this reason these two variables have been chosen as the focus of this modeling study.
The Covey Hill Natural Laboratory (Larocque et al., 2006 ) is located immediately north of the Canada-USA border, in the northernmost extension of the Adirondack Mountains (Figure 1) . The hill is composed of Potsdam Group sandstones, deformed and fractured during the Appalachian orogeny (Globensky, 1986) . The absence of surface deposits over large areas near the top of the hill shows the extent of erosion during the last glaciation (12 Ma). The sandstone aquifer is generally unconfined over much of the study area. Groundwater flows mainly through fractures in the sandstone (Nastev et al., 2008) . Where these fractures intersect the ground surface, groundwater discharge in the form of springs may be found, creating habitats well-suited for stream-dwelling salamanders. The landscape surrounding Covey Hill is a peri-urban agricultural region and is thus largely inhospitable to the Mountain Dusky Salamander. Maintaining appropriate habitat for the species on Covey Hill is therefore crucial to its survival in Southern Quebec. Covey Hill is an important recharge area for the Châteauguay River regional aquifer (Croteau et al., 2010) , which extends over 2500 km 2 . The monthly average temperature observed between 1971 and 2000 in the Covey Hill area ranges between −9.6 • C in January and 20.6 • C in July with minima down to −30.5 • C in winter and maxima up to 30.3 • C in summer. The average annual temperature is 6.4 • C. Precipitation is relatively evenly distributed throughout the year, ranging between 40.6 and 93.3 mm in February and July, respectively. The average monthly precipitation is 72 mm for a total annual average of 872.4 mm. Weather data are based on Environment Canada measurements at the Hemmingford, QC weather station.
Modeling Approach
Over the last decade, spatially-explicit individual-based models linked to landscape-scale process models have emerged as powerful tools in conservation, management, and planning (Grimm and Railsback, 2005; Stillman and Goss-Custard, 2010; McClain et al., 2012; Metcalfe et al., 2012; Parrott et al., 2012) . By considering individual variations, entire life cycles, interactions among individuals and interactions between individuals and their immediate environment, this approach allows for accurate predictions about local viability of species in response to land use change or modification of landscape-scale environmental processes. The approach was used here to predict the fate of Mountain Dusky salamanders on Covey Hill in response to changes in temperature and water availability induced by climate change.
Three types of models operating at various spatial and temporal resolutions were combined (Figure 2) . First, daily temperature and precipitation scenarios were obtained from an ensemble of regional climate models. Second, these outputs were input into an integrated surface-groundwater flow model to simulate the impact of these climate changes on groundwaterfed spring activity. Third, simulated daily time series of spring activity based on flow output from the groundwater model and daily temperature time series from the climate models were used as input data for an individual-based population model built specifically for stream-dwelling salamanders (Girard et al., 2015) .
Climate Scenarios
The climate change scenarios are derived from three Regional Climate Models (RCMs) driven by five General Circulation Models (GCMs). This form of dynamic downscaling provides a better representation of both average conditions and extremes than other methods over the study area. Future RCM scenarios were further downscaled to a spatial resolution of 45 km and a temporal resolution of 24 h using the daily translation bias correction method (Mpelasoka and Chiew, 2009) to remove the biases between simulated and observed temperature and precipitation variables.
Although the ability of climate models to reproduce observed climate conditions during a reference period does not automatically guarantee more reliable results for future projections Gosling et al., 2011; Ledbetter et al., 2011) model performance remains nevertheless an important aspect to verify before any interpretation of climate simulations. Discrepancies found between observed and simulated climate variables for the reference period can be used to remove the consequent bias from future climate simulations to obtain simulations that are more in line with reality (cf. Samuel et al., 2012) . In this study, bias correction was performed on RCM climate datasets (daily temperature and daily precipitation) following Mpelasoka and Chiew (2009) . This method has proven effective not only in reproducing mean changes of temperature and precipitation, but in reproducing the full distribution of these variables, i.e., changes in extremes.
The modeled data were compared with weather data recorded at Hemmingford Four Winds meteorological station (Climate ID: 7023075) for a reference period of 1970-2000. The mean absolute deviation for observed average monthly temperature and modeled average monthly temperature over the 30 year reference period is 0.4 • C (0.2 • C in January and 0.2 • C in July, with slightly higher deviations for the months of February is 1.4 • C and September is 0.6 • C). The mean absolute deviation for observed average monthly rainfall and modeled average monthly rainfall over the same 30-year period amounts to 4.6 mm or 5.5% (5.5 mm or 10.7% in January and 1.1 mm or 1.2% in July). Keeping in mind that the comparison of modeled values with corresponding values estimated from available station data must take into consideration the fact that the spatial scales related to these estimates are different (areal vs. point estimates), these values are within the acceptable margin of error which can be found in the literature (Moberg and Jones, 2004; Mailhot et al., 2007; Turco et al., 2013) .
Nine climate projections were selected from the 25 dynamically downscaled simulations available for the Covey Hill area (see Table 1 ). Most of the simulations are outputs of the Canadian Regional Climate Model (CRCM) (Music and Caya, 2007) and were generated and supplied by the Ouranos Consortium on Regional Climatology and Adaptation to Climate Change. The remaining simulations are from the North American Regional Climate Change Assessment Program (NARCCAP). All projections are for the 2041-2070 climate. The nine simulations account for 85% of the future climate variability projected for the study site as established by a cluster analysis carried out on the range of available RCM scenarios. The simulations include Intergovernmental Panel on Climate Change emissions scenarios A1B and A2 (IPCC, 2000) . Altogether, climate scenarios depict a warmer and wetter environment for the 2050 horizon ( Table 1 ). The climate model ensemble predicts an increase in annual temperature ranging from 2 to 3.5 • C over the 2041-2070 period, compared to the 1971-2000 reference period. An increase between 3 and 17% in annual precipitation is expected during the same period. This increase varies depending on the month of the year, although variability remains relatively equal throughout the year. Consensus among models over precipitation change is however less apparent. On average, models forecast an increase in precipitation for all months except in June. Although most models predict an increase in precipitation during the winter, the range of values is wide (from −3 to +47%). Conversely, no real consensus can be observed during the summer and autumn, where precipitation changes vary from −19 to +33%. More details on the climate scenarios can be found in Levison et al. (2014a) .
Following Oudin et al. (2005) , the increased temperatures predicted by the climate scenarios induce a 15 to 21% increase in predicted potential evapotranspiration as compared to the reference period. Stemming from these changes, net precipitation (i.e., precipitation-potential evapotranspiration) TABLE 1 | Details for the nine climate projections selected for this study out of the group of 25 available for the region: emission scenario, simulated air temperature and precipitation changes, and derived potential evapotranspiration changes (derived from Levison et al., 2014b varies from a 4% decrease (CRCM_CCSM) to a 15% increase (CRCM4.2.3_ECHAM#1). The majority of net precipitation scenarios agree on the sign of change: seven out of nine predict an increase in mean net precipitation.
Hydrogeological Model
The daily flow of groundwater through bedrock fractures to springs on the northeastern face of Covey Hill was simulated by Levison et al. (2014b) using HydroGeoSphere software (HGS; Therrien et al., 2012) . The numerical integrated surfacegroundwater flow model simulated four springs at elevations of 140, 150, 162, and 177 m. Levison et al. (2014b) have shown that for the 1971-2000 reference period, the lower elevation spring (140 m) is the one that flows most often during the year (on average 282 days, more than 75% of the year) (Figure 3) . Spring activity decreases sharply at 150 m and at 162 m and increases slightly at the highest spring located at 177 m. The greater activity at the lowest spring is explained by its position near the base of the hill. Flow period decreases for the 150 and 162 m elevations because of reduced water pressure from above as elevation increases. The greater spring activity period at the highest spring occurs because this spring is located at the intersection of an important sub-horizontal fracture and the ground surface, as opposed to the two middle-elevation springs which discharge from vertical fractures. Applying the net precipitation for the climate change scenarios to the model, Levison et al. (2014b) has shown that increases in precipitation predicted by the climate scenarios during the 2041-2070 period has direct consequences on groundwater recharge, and thus on the spring activity time series. In the future, an increase in the length of spring activity periods is expected at all elevations. Spring activity increases on average by 7 days per year at 140 m, 9 days at 150 m, 6 days at 162 m, and 5 days at 177 m. This increase is statistically significant for all four spring elevations.
For each spring, the number of days when the spring is active, the mean length of activity periods, the seasonal partitioning of spring activity and the magnitude of flow were calculated for both the reference and the future (2041-2070) periods. Binary spring activity time series were built according to whether the spring was active or inactive. Only the binary spring activity time series were used in the salamander model. Results from these simulations were used to calibrate the salamander model (see below).
Salamander Model
The individual-based model developed in this work has been previously described in Girard et al. (2015) . The model simulates the life cycle (growth and development) and movement of individual salamanders at a daily time step in response to environmental variables (temperature and humidity). The biological functions implemented in the model are restricted to growth, life cycle stage transition, dispersal, reproduction, and mortality. Growth and life cycle stage transition functions are temperature dependent functions. Reproduction requires water during the reproductive period in order to occur, and eggs and larvae require water to survive. Similarly, adult salamanders will die if they cannot find water after an extended period of time. Dispersal is oriented toward humid areas and is density dependent for juveniles. The salamander model has been validated and calibrated based on field data for the Allegheny Mountain Dusky Salamander and provides reasonably accurate life cycle and distribution patterns in response to spatiotemporal temperature and humidity data for the environment (Girard et al., 2015) .
In the model, the individual salamanders live and move about in a spatial environment consisting of a two-dimensional landscape describing water features and a daily air temperature profile that is uniform across the landscape. The effects of precipitation are implicitly taken into account through their effects on the spring activity time series, which affects the presence or absence of water features on the landscape. All other habitat-related aspects such as the availability of resources, shelter or the presence of predators are ignored. The landscape is represented by a grid with a resolution of 1 m 2 . Each grid cell may have one of three states: dry, humid or wet, with wet cells being those located directly in streams or springs. The cells at the edges of the grid are in a fourth state (exit cell) that allows individuals to leave the numerical landscape (permanently). Thus, the numerical environment allows emigration, but immigration from the exterior does not occur. While the environment is represented as a discrete grid, salamanders move, and disperse in a continuous space.
The locations of the intermittent streams and groundwater springs on Covey Hill are coarsely known at best, and the density of the Allegheny Mountain Dusky Salamander population is unknown in most parts of the site. To overcome these limitations, the Covey Hill environment was represented by a simplified landscape that reproduces the expected temperature conditions and hydrodynamics predicted by the climate models and HGS model for generic springs on the hill. The simulated landscape thus represents a square-shaped spring of 1, 4, or 9 m 2 located in the center of a 50 × 50 m grid. This spring alternates between two states, active or inactive, following the activity time series derived from the hydrological simulations at elevations of 140, 150, 162, or 177 m on Covey Hill (Figure 4A) . When the spring is active, its surface is composed of wet cells surrounded by 2 m of humid cells. The rest of the grid is composed of dry cells ( Figure 4B) . When the spring is inactive, its surface is composed of humid cells and the remainder of the grid is composed of dry cells ( Figure 4C) . Daily temperature time series are derived from the climate scenarios ( Figure 4D ). For each of these models, the reference period ) is compared to the future period . In total, 108 pairs of numerical environments (three areas × four elevations × nine climate models) were tested. Although they might not be representative of specific locations on Covey Hill, these simplified environments nonetheless provide indications about the general fate of salamanders in typical habitats at different elevations of this hill and can be considered representative of similar regions in eastern North America. As described in Girard et al. (2015) , the model's predictions of salamander life cycles and population densities were calibrated for the reference period using available environmental data for the region and known salamander densities estimated from field data.
Challenges in Linking the Models Across Scales
Linking models that operate at different temporal and spatial scales was one of the main challenges of this modeling study. The hydrogeological model, for example, predicted water table height over time at different elevations in our study area; this was more information than was required for the salamander model. The hydrological time series was thus simplified to retain only the necessary information, which is when the spring is active (i.e., the water table height permits spring flow) or not-active (i.e., the water table is too low for the spring to flow). The salamander and hydrological models were thus directly coupled, however the salamander model did not use all of the information output by the hydrological model. The salamander model thus did not directly use precipitation data from the regional climate model. It did use daily air temperature from the climate scenarios as a direct input for the 30-year reference period followed by the 30-year future period . Any uncertainty in predicted daily temperatures is thus translated into predictions of salamander viability and in particular the influence of temperature on the salamander life cycle.
Coupling the hydrogeological model to the climate data also posed challenges. The hydrogeological model requires the use of net precipitation (which is precipitation minus evapotranspiration) as an atmospheric water input. As noted in Levison et al. (2014b) , the model directs net precipitation to surface flow (runoff) and infiltration (recharge). Predicted net precipitation and evapotranspiration values were derived from the regional climate scenarios described above. Although the modeled climate data satisfactorily matched historical climate records for the area, any uncertainty in predictions of the future climate have been transferred to the hydrological model and indirectly to the salamander model.
Predicting Climate Change Impacts on Salamander Populations
The impacts of climate change were assessed through a series of simulations using the calibrated salamander model implemented in the 108 pairs of numerical environments. Each simulation lasted 21,000 days. Simulations began on January 1st with 20 adults randomly distributed in the area of influence of the spring cells (wet and humid cells combined). The sex of these individuals was set randomly to ensure a balanced sex ratio. The first 10,950 days (corresponding to the 30-year reference period) were performed in springs showing constant activity to allow the model to reach a stable salamander population.
Activity and temperature profiles predicted by the hydroclimatic simulations were then implemented on the 10,951st day and run for 30 years. For each of the 216 simulated environments, 10 replicate simulations were run. At the end of each simulation, the abundance of adults over the last 5000 days was calculated. The probability of extinction through the 10 repetitions of a given numerical environment was also evaluated.
Results
The increase in the spring activity time series is not homogeneous during the year. Values presented in Table 2 represent the interannual mean of the total number of flowing days for each spring per season. The number of flowing days during the winter increases at all four elevations, a potential indication for an earlier onset of spring freshet. In the spring season, the number of days of activity also generally increases while it decreases during the summer and fall. Activity changes for the future period are statistically significant during winter and spring seasons according to a Wilcoxon-Mann-Whitney test for paired samples (α = 0.05), but are not significant during summer and fall. These results suggest an intensification of the hydrological activity in the Covey Hill springs for the 2050 horizon. This increased activity is likely due to a shorter winter period and to earlier spring snowmelt.
The simulations predict a strong elevation effect on the viability of salamander populations for the reference period. While stable population sizes were obtained at lower elevation springs (140 and 150 m; Figure 5A ), the springs located at 162 and 177 m were not able to sustain salamander populations, which went locally extinct with a probability close to 1 (Figure 5B) . However, the increase in average annual temperature and extended hydrological activity time series in the future resulted in a significant improvement for salamander populations. This improvement occurred on two fronts. First, at elevations which could sustain salamander populations during the reference period (140 and 150 m), an increase in population size of about 20% was predicted by the model (Figure 5A) . Second, the increased hydrological activity at higher elevations (162 and 177 m) resulted in a significant decrease in the probability of extinction ( Figure 5B) . Interestingly, the increased viability of the population both in terms of abundance and extinction probability is better at 162 m than at 177 m despite the fact that spring activity is generally lower at 162 m. This result suggests that water availability is not the only factor influencing salamander population viability. Unlike the increase projected for the 162 m spring, no increase in hydrological activity is projected for the 177 m spring over the spring season (i.e., during an important part of the reproduction period). This observed difference in seasonal activity suggests that the timing of the increased spring activity exerts as great an influence as its magnitude on salamander viability.
The warmer future climate has a significant predicted impact on some critical eco-physiological traits of the salamanders such as life cycle duration and range of the reproduction period (Figure 6 ). Rising temperatures significantly accelerate the life cycle. According to the model, during the recent past, an average of 4.5 years separated oviposition from sexual maturation. This period was reduced by 5 months on average in the future due to the temperature increase ( Figure 6A) . Reproduction itself was also favored by the temperature increase since the oviposition season was extended by a dozen days on average, as a consequence of an earlier onset ( Figure 6B) .
In the salamander individual-based model, oviposition cannot be achieved if a female is not in water. Therefore, in an inactive spring, reproduction is prevented, even if ambient temperatures are adequate for reproduction. The overlap between the spring activity period and the reproduction season thus defines an effective reproduction period. During the reference period, springs were active for less than 2% of the breeding season ( Figure 7A) . However, the longer spring activity in the future, combined with a better synchronization with the reproduction period, increased this overlap to nearly 5% on average ( Figure 7A) . Simulations show that the number of years where spawning was not possible due to spring inactivity during the reproduction season decreased significantly during the future period at higher elevations ( Figure 7B ).
Discussion
The significant population improvements projected for the Allegheny Mountain Dusky Salamanders on Covey Hill for the 2050 horizon is an example demonstrating the intricate, crossscale effects of global climate change on ecological systems and the importance of studies that link global and regional scale changes to local-scale processes. Such studies can provide *The stars correspond to significant differences (α = 0.05) according to a Wilcoxon-Mann-Whitney test for paired samples.
Frontiers in Environmental Science | www.frontiersin.org valuable insight for conservation initiatives that are typically carried out at this scale. According to our model, the increased viability of the salamander population may be largely explained by the impacts of climate change on breeding phenology. The effects of global warming on amphibians' breeding have been abundantly documented (Blaustein et al., 2001; Corn, 2005; Li et al., 2013) . Indeed, the timing of amphibian reproduction is primarily driven by environmental factors such as temperature and moisture (Carey and Alexander, 2003) . As such, their breeding may be directly affected by global warming, resulting in a potentially earlier onset of the reproduction period (Beebee, 1995) . The salamander model presented herein is in accordance with this hypothesis. However, while this effect was identified as a positive impact on the Covey Hill salamander population, some authors have suggested that it may rather increase breeder mortality due to early season frosts or floods resulting from snow melt (Corn, 2000 (Corn, , 2005 Inouye et al., 2000) . It is acknowledged that the breeding mechanisms included in the salamander model are simplified and that neither frost nor flood-related causes of mortality are modeled. Nevertheless, oviposition is predicted to begin on average 12 days earlier in the future, corresponding approximately to the first week of May. In the context of a warming climate, the adverse effects of snow melt and early frost are rather unlikely in eastern North America at that point in the spring.
Most studies relating amphibian decline to climate change projected an increase of droughts (Araujo et al., 2006; McMenamin et al., 2008) . This trend has not been detected for the Covey Hill region. As a result of the predicted increase in precipitation, it is expected that spring activity should intensify. This increase in spring flow is expected to favor salamander reproduction by prolonging the duration of the effective reproduction season. This is a major factor explaining the presence of salamanders at 162 and 177 m springs in the future. In the recent past , modeled springs were active for less than 2% of the oviposition period at these elevations, rendering reproduction virtually impossible. The intensification of the hydrological activity during both the effective reproduction season and the reduction of interannual variability may thus serve to create new habitats suited for salamander viability, allowing these species to migrate northwards as the climate changes.
The effects of warmer temperatures on the speed of developmental processes could also be considered as a major benefit for salamander viability on Covey Hill. According to the model proposed here, climate change is expected to substantially accelerate life cycle duration, with a projected reduction of 5 months on average in the future. In nature, the immature stages (eggs, larvae, and juveniles) are by far the most vulnerable (Petranka, 1998) . Any acceleration of the development of these phases thus greatly improves the chances of survival to the adult stage (Werner, 1986; Bruce, 2005) and consequently the likelihood that an individual will contribute to reproduction. The increased number of breeders combined with a lengthened reproductive season thus explains the increase of population size projected for the period 2041-2070. Given that Covey Hill lies at the northern limit of the Allegheny Mountain Dusky Salamander's geographical distribution, the projected improvement in conditions for the species with increased temperatures should not be so surprising. The salamander's current range includes much warmer climates to the south of the study area and thus the species should adapt well to a warming environment in the north, especially if it is correlated with an increase of available water.
These predictions must however be considered in the light of the model's limitations. For instance, the individual-based model used in this study ignores all interspecific interactions. Such a restriction is not without consequences. Interspecific competition is recognized as having impacts on the community structure of stream salamanders (Hairston, 1949; Jaeger, 1971; Smith and Pough, 1994) , and their occupation of aquatic and terrestrial habitats (Krzysik, 1979) . Moreover, spatial segregation or reduction of ecological niches has been observed empirically when stream-dwelling salamander species coexist (Organ, 1961; Krzysik, 1979; Keen, 1982; Grover, 2000) . Predation by fish (especially of larvae), snakes, birds, small mammals, and other salamander species, has also been reported several times, thus playing a role in population size regulation (Petranka, 1998) . Not only are these dynamics not taken into account by the model, but climate change may potentially alter them in an unknown manner. Furthermore, possible changes to land use on Covey Hill have not been taken into account in the future scenarios. Land use change, including potential increased groundwater withdrawals, may have significant, immediate and prolonged effects on salamander habitat quality. This commends caution: the increased viability of the Allegheny Mountain Dusky Salamander in a context of climate change at Covey Hill may prove to be too optimistic if other anthropocentric pressures are considered.
The positive impacts of climate change predicted for salamander populations on Covey Hill are important for future land conservation efforts, not because they limit the need for habitat protection, but because they reduce uncertainty about probable future conditions-that is to say that according to these results, climate change is not expected to limit the survival of the Allegheny Dusky Salamander on Covey Hill. This conclusion provides a focus for local conservation initiatives to prioritize efforts toward mitigating other identified threats to the species. It also provides support for habitat conservation initiatives for other similar amphibian species at the northern limits of their geographical distributions in the northeastern United States and eastern Canada. The Allegheny Dusky Salamander is likely not an isolated case. The results of these simulations suggest that many amphibious species may be favored by climate change in these regions, becoming abundant where they are currently scarce. Local conservation initiatives should thus seek to conserve this habitat so as to increase the chances for survival of these species in the future and to facilitate likely northern migration of the species.
It is likely that climate change will not be the only driver of change in the Covey Hill region. Other concomitant anthropogenic pressures, such as intensification of land use or groundwater withdrawal, may act to aggravate or counteract the impacts of climate change on the hydrological regime. Indeed, drainage of springs and redirection of streams for agricultural or domestic uses have been reported repeatedly. This can have significant, immediate and sustained effects on the salamander habitat quality. Caution is obviously a prerequisite when aiming at predicting the local resilience of a species facing multiple scale threats. For this reason, the precautionary principle must prevail. In fact, sound biodiversity conservation strategies are generally not dependent on whether the climate is changing or not and common conservation goals thus remain valid and include: habitat protection, dispersal corridors where habitats are fragmented, management of populations according to their carrying capacity, promotion of genetic, and ecosystem diversity. Strengthening existing land conservation measures (e.g., salamander habitat protection and conservation of preferential infiltration and recharge areas) and developing new initiatives to enhance ecosystem resilience are to be prioritized.
However, even if declining trends have been observed among amphibian populations through field studies (Pounds and Crump, 1994; Lips, 1998; Lips et al., 2006) , the results obtained in this current study suggest strongly that generalization can be hazardous. There are no doubts that global warming is likely to have profound impacts on amphibians. However, the longterm effects of climate change on amphibians are difficult to predict. It is generally assumed that climate change is a threat to natural ecosystems, but it is quite possible that some species may prosper in a changed climate in certain locations. The significant population improvement projected for the Allegheny Mountain Dusky Salamanders on Covey Hill for the period 2040-2070 is an example demonstrating that the effects of global warming can be considerably more complex than one may expect, especially when looking at specific locations.
